REVISION-1 RECORD
ANL/RERTR/TM-26 (original issue, May 1966) has been revised as follows: Table 5 has been revised to increase the burnup range of TRIGA single-rod fuel from 35 to 60% 235 U burnup.
Alternative thermal decay heat expressions have been included which are expected to give results close to actual heat loads of spent fuel. The previous thermal decay heat expression is expected to overestimate an actual heat load by about a factor of two. An analysis of the parameter constants used in the previous expression would suggest an uncertainty in calculated heat loads of the order of 10%. A decay heat comparison has been made for a typical fuel assembly using the ORIGEN code and the decay heat expressions. Appendix C has been added which compares mass inventory estimates using the isotope generation and depletion code, ORIGEN and the cross section generation code, WIMS. Both codes solve material transmutation equations to determine material number densities. WIMS, however, solves the equations as a function of material burnup, while ORIGEN does not have a similar capability.
Appendix D has been added to illustrate an example calculation of the nuclear mass inventory, the photon dose rate, and the thermal decay heat for an assumed, spent MTR-type fuel assembly. All fuel assembly parameters necessary for the calculations are described.
INTRODUCTION
As part of the Department of Energy's spent nuclear fuel acceptance criteria, the mass of uranium and transuranic elements in spent research reactor fuel must be specified. These data are, however, not always known or readily determined. It is the purpose of this report to provide estimates of these data for some of the more common research reactor fuel assembly types. The specific types considered here are MTR, TRIGA and DIDO fuel assemblies.
The degree of physical protection given to spent fuel assemblies is largely dependent upon the photon dose rate of the spent fuel material. These data also, are not always known or readily determined. Because of a self-protecting dose rate level of radiation (dose rate greater than 100 rem/h at 1 m in air), it is important to know the dose rate of spent fuel assemblies at all time. Estimates of the photon dose rate for spent MTR, TRIGA and DIDO-type fuel assemblies are given in this report.
For safe spent fuel assembly containment, the thermal heat load generated by the decay of fission products in spent fuel material is an important consideration. This heat load can be estimated by a simple analytical expression that is given in this report.
NUCLEAR MASS INVENTORY
The mass inventory of the heavy metals in research reactor fuels has been calculated using the WIMS code 1 for unit-cell models of MTR, TRIGA and DIDO fuel assembly types. Models of each fuel assembly type were neutronically burned for a length of time corresponding to typical fuel-cycle lengths and U-235 burnup 2 . Table 1 summarizes the fuel assembly models for which mass inventory calculations were made. Mass inventory calculations for MTR models were made for assemblies with up to 80% U-235 burnup, for 93, 45 and 19.75% U-235 enrichments, and for initial U-235 masses of 100 to 500 g. The specific MTR model was for a 19-fuel plate assembly. (Supplemental mass inventory calculations, shown in Appendix A, indicate that the MTR model in not a strong function of the number of fuel plates or the specific fuel-cladcoolant geometry.) Similar calculations were made for two TRIGA assembly types -a single rod model and a 25-rod cluster model. The maximum U-235 burnup in these models was 60%. There were four fuel types for the single rod model and two fuel types for the cluster model. For DIDO fuel assembly types, mass inventory calculations were made for a 4-fuel tube model with up to 60% U-235 burnup, and for four fuel enrichments and assembly masses.
The results of the mass inventory calculations are shown in the following tables: The tables show the isotopic masses of U, Np, Pu and Am that are present in spent fuel as functions of the fuel assembly U-235 burnup and initial U-235 mass. As will be noted in the tables for most fuel assembly types, the uranium fuel compositions have excluded initial enrichments of U-234 and U-236. In order to account for initial enrichments of U-234 and/or U-236 in the tables, initial U-234 and U-236 masses can be simply added to the spent fuel mass inventory. (See Appendix B for an assessment of the effect of initial enrichments of U-234 and U-236 upon the overall mass inventory of U, Np, Pu and Am in spent fuel.) Within the uncertainty of the calculations, the results in Tables 2 -7 can be used to estimate the spent fuel mass inventory in most MTR, TRIGA and DIDO fuel assembly types. (See Appendix C for a comparison of calculational techniques.)
The mass inventories given in Tables 2-7 are at the time of reactor discharge and therefore do not account for decay of Pu-241 to Am-241 for times after discharge. When necessary to estimate mass inventories after discharge, the Pu-241 mass is decreased and the Am-241 mass is increased by an amount ∆M M e 
PHOTON DOSE RATE
Calculated dose rates for MTR-type fuel assemblies are shown in Table 8 . These dose rates are from Ref. 3 and are for fuel assemblies with up to 80% U-235 burnup, specific power densities between 0.089 and 2.857 MW/kg 235 U, and fission product decay times of up to 20 years.
The data in Table 8 are photon dose rates in air that are averaged over a 60-cm long cylindrical surface, located at a radius of 1 m from the fuel assembly axial center line. For MTR-type fuel assemblies, these average dose rates are independent of the assembly rotational orientation and the number of fuel plates in the assembly. These data also can be interpolated for specific decay time, burnup and assembly power density. In all cases, the dose rates must be multiplied by the mass of U-235 burned in the fuel assembly to estimate the fuel assembly dose rate. The mass of U-235 burned per fuel assembly that is necessary for an unshielded, 100 rem/h self-protecting dose rate at 1 m, is shown in Fig. 1 .
Additional analyses have shown that the photon dose rates of MTR, TRIGA and DIDO-type fuel assemblies are similar, given the same fuel assembly characteristics of U-235 burnup, fission product decay time, and specific fuel assembly power density. The average dose rates at 1 m in air for TRIGA (25-rod) and DIDO (4-tube) fuel assemblies are respectively, 1.04 and 1.05 times the dose rates given in Table 8 for MTR fuel assemblies. The dose rates of all three fuel assembly types are for fuel assembly models (nominally 8cm by 8cm by 60cm) containing spent fuel in the form of either rods (TRIGA fuel), annuli (DIDO fuel) or plates (MTR fuel). The small difference in the dose rates are due to the different shielding effects of the fuel elements in the fuel assemblies. 
THERMAL DECAY HEAT
The textbook development of calculating the thermal decay heat of reactor fuel is based upon integrating empirical emission rates of the beta and gamma radiation from fission products. These results are, however, generally useful only for fission product decay times of the order of a few days. For longer decay times, this heat load estimate is very conservative.
Other analytical expressions have been developed to fit experimental decay heat data for longer decay times. For purposes of determining the heat load of spent fuel which can have cooling times of the order of several hundred days of even years, these latter expressions should be used to calculate the heat load of spent reactor fuel. These analytical expressions also agree very well with ORIGEN decay heat calculations.
Integrated Beta And Gamma Emission Rates
The heat load from decaying fission products in a fuel assembly is proportional to empirical emission rates of beta and gamma radiation. The rates 4 per U-235 fission, and as a function of decay time t d in days, are For a fuel assembly irradiated continuously for t i days at a constant fuel assembly power (P), the heat (H) load power per assembly, t d days after irradiation is
. .
Watts (1)
This expression for the heat load is the integral 5 of the above energy rates over the irradiation time, assuming 200 MeV per U-235 fission, and for the fuel assembly power in watts. For a low duty-factor fuel assembly irradiation, the power and irradiation time are replaced by an average power and an elapsed time. 
Watts
where P is the average fuel assembly power in watts and t e is the elapsed time in days from the initial through the final irradiation segment. 
Watts with all times in seconds. With all times in days, this heat load expression is
. . . ⋅ − for times in days).
Fuel assembly decay heat loads calculated with these expressions are expected to be conservative, and within a factor of two or less of measured heat loads. This same conservative heat load estimate also has been found to be true for heat load calculations made with the ORIGEN code 9 . The thermal heat load of a fuel assembly is independent of the fuel assembly type.
The constants used in the above equations are based upon empirical data and therefore, are not necessarily exact; it is not uncommon to find several percent variation in a recommended value. The constants considered here, and their range, are: 
. . .
Watts (2)
where all symbols, etc. have the same meaning as above and the times are in days.
The ratio of Eq. -2 to Eq. -1 is 
For decay times ( t d ) greater than 1 year, the ratio is approximately 0.5.
Experimental Decay Heat Data
Another analytical expression given by Untermyer and Weills (Ref. 12), has been used to fit experimental decay heat data. This heat load expression is
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Watts (3) where the irradiation ( t i ) and decay ( t d ) times are in seconds.
A plot of the ratio ( H P / ) for Eqs. -2 and -3 are shown in Fig. 2 as a function of decay time and for an irradiation time of 600 days. The ratio calculated with the ORIGEN code is also shown for comparison. These data clearly show the relative decay heat estimated by the decay heat expressions for a typical irradiation time. The ORIGEN ratio is in good agreement with both Eqs. -2 and -3.
CONCLUSIONS
Procedures have been developed to estimate the nuclear mass inventory, the photon dose rate and the thermal decay heat of spent research reactor fuel assemblies. The procedures should provide reasonable estimates based upon known fuel assembly parameters. Estimates for an example spent fuel assembly are given in Appendix D.
Isotopic mass inventories of U, Np, Pu and Am are tabulated in Tables 2-7 for MTR, TRIGA and DIDO fuel assembly types; photon dose rates at 1 m in air are shown in Table 8 for MTR-type fuel assemblies; and analytical expressions are given for the thermal decay heat load of spent uranium fuel. Estimates of TRIGA and DIDO fuel assembly dose rates are respectively, factors of 1.04 and 1.05 times the dose rate for MTR-type fuel assemblies with similar spent fuel material characteristics. 
APPENDIX A MTR MODEL MASS INVENTORY SENSITIVITY
This appendix examines the sensitivity of MTR-type fuel assemblies to the number of fuel plates in the assembly as well as the fuel element specifications for the fuel, clad and coolant. An examination of many MTR-type fuel assemblies shows that the ratio of the coolant channel thickness to the fuel meat thickness, times the number of fuel plates, is nearly a constant. This constant is also proportional to the H/U-235 atom ratio which can be used to characterize the neutron spectrum in MTR-type fuel assemblies. 
APPENDIX B U-234 AND U-236 MASS INVENTORY SENSITIVITY
The initial fuel composition of some reactor fuels may contain specifications for U-234 and/or U-236 in addition to the usual specifications for U-235 and U-238. It is the purpose of this appendix to evaluate the effect that U-234 and U-236 have on the overall fuel assembly mass inventory when these isotopes are or are not included in the initial fuel assembly composition.
A comparison of the fuel mass inventory for a HEU and a LEU fuel composition, with and without initial enrichments of U-234 and U-236, are shown in Table B1 . Typical enrichments of U-234 and U-236 in research reactor fuels are less than 1%; these specific data are for typical TRIGA fuel compositions.
The upper section of Table B1 shows the mass inventory for HEU and LEU fuels with initial enrichments of U-234 and U-236, and the lower section shows similar data for the same fuels but without initial U-234 and U-236 enrichment. The result of this comparison shows that to first-order, any initial mass of U-234 or U-236 can be simply added to the mass inventory for U-234, U-236 and total U at any burnup level. The mass inventory for Np-237 and Pu-238 which are also functions of the U-236 mass, are not substantially affected by an initial enrichment of U-236. 
APPENDIX C MASS INVENTORY ESTIMATE: ORIGEN VS. WIMS
In this paper, the spent fuel nuclear mass inventories are based upon material number densities calculated within the WIMS code using burnup dependent cross sections and fluxes to solve the material transmutation equations. Unit-cell models of MTR, TRIGA and DIDO fuel assemblies with typical fuel compositions used WIMS to generate actinide cross sections and number densities as a function of U-235 burnup.
Spot checks of the mass inventories for two TRIGA fuel compositions were also calculated using the isotope generation and depletion code, ORIGEN. The principal actinide cross sections input to ORIGEN were collapsed one-group, zero-burnup material cross sections calculated by WIMS.
The fuel material mass inventories predicted by ORIGEN and by WIMS for TRIGA fuel materials (133 g HEU and 38 g LEU) with 35% U-235 burnup are shown in Table C1 Pu inventories are slightly underestimated compared to WIMS. The cross sections used in ORIGEN are not extremely sensitive to burnup, but they should be for a specific fuel material composition and not simply default library cross sections. The difference between ORIGEN and WIMS inventories would be expected to increase as U-235 burnup increases.
Since the Np and Pu mass inventories calculated above are slightly overestimated using zero-burnup cross sections and slightly underestimated using 35%-burnup cross sections, it is recommended that mid-cycle burnup cross sections be used in any ORIGEN mass inventory calculation. The mid-cycle cross sections would be expected to approximately cancel any over-or under-estimate and give inventory masses of U, Np, Pu and Am closer to the masses calculated with WIMS.
APPENDIX D EXAMPLE CALCULATION: NUCLEAR MASS INVENTORY, PHOTON DOSE RATE AND THERMAL DECAY HEAT
In this example, a 280 g 235 U MTR-type fuel assembly has been irradiated at an average fuel assembly power ( P ) of 25 kW over an elapsed time ( t e ) of 3584 days. The irradiation history of this fuel assembly is such that it can not be described simply, using a constant power ( P ) and a continuous irradiation time ( t i ). It is assumed, however, that Table 2 can be prorated to 280 g 235 U. For enrichments of 45 or 19.75%, similar prorated data from Table 3 or 4, respectively, should be used. Tables 2,  3 and 4. Note, inventory masses for non-tabulated fuel assembly burnup should also use linear interpolation of tabulated data (e.g. 45%
235
U burnup, interpolate between 40 and 50% tabulated data).
Photon Dose Rate
The photon dose rate of this fuel assembly is calculated from data presented in Table 8 . The assembly power density is 0.089 MW/kg 235 U (25 kW / 280 g 235 U), the 235 U burnup is 40%, and the decay time is 3 years. With these data, Table 8 estimates that the photon dose rate is 1.02 rem/h per g 235 U burned. With 112 g 235 U burned, the dose rate is 114 rem/h at 1 meter from the fuel assembly.
For fuel with 40% burnup and with 112 g 235 U burned, Fig. 1 estimates that this fuel assembly will be self-protecting (dose rate greater than 100 rem/h) for about 4 years.
The photon dose rate for non-tabulated assembly power densities, 235 U burnup and/or decay times can be estimated using linear interpolation of the data in Table 8 . Linear interpolation to determine the photon dose rate would be necessary, for example, for a fuel assembly with the following parameters: 3.5 year decay time, 50% 235 U burnup and 0.134 MW/kg 235 U assembly power density. A simple table which interpolates each parameter separately is a useful aid. Table D2 is constructed to determine the photon dose rate for these non-tabulated fuel assembly parameters. The bottom line, estimated photon dose rate is 1.10 rem/h per g 235 U burned.
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Thermal Decay Heat
ORIGEN Calculation
The thermal decay heat calculated with the ORIGEN code for this example is about 4.2 Watts.
Integrated Emission Rate Equation
The thermal decay heat of this fuel assembly using the conservative heat load equation based upon Eq. 
Watts is about 10.6 W. This result is based upon an average fuel assembly power ( P ) of 25,000 Watts, a cooling or decay time ( t d ) of 1095 days (3 y) and an elapsed time ( t e ) of 3584 days.
El-Wakil Equation
The thermal decay heat with these same data and the heat load equation based upon Eq. 
Watts is about 5.1 W.
Untermyer and Weills Equation
Similarly, using the heat load equation based upon Eq. -3 with a decay time of 9. 
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Watts is about 3.8 W.
